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In this report, experiments are described in which purified plague toxin has been added to actively respiring cell-free extracts and crude mouse liver homogenates. It has been found that the toxin inhibits the oxidation of a-keto acids by these enzymatic preparations.
MATERIAL AND METHODS
Several enzymatic preparations were employed in this investigation. These included cell-free extracts of Escherichia coli strain E26, Proteus vulgaris strain X19, Leuconostoc mesenteroides, and crude mouse liver homogenates. E. coli and P. vulgaris were grown on media described by Ajl (1950) and Moyed and O'Kane (1952) , respectively. Cell-free preparations from these organisms were prepared by grinding the cells with alumina 303 powder according to the procedure of McIlwain (1948) . Crude extracts, as produced by sonically disrupted cells of L. mesenteroides, were kindly furnished by Dr. Ralph DeMoss. In order to obtain mouse liver homogenates with low endogenous activity, the animals were starved for 48 hr prior to sacrifice. The animals were then decapitated and their livers removed, chilled, homogenized with 0.05 M phosphate buffer, pH 7.4, in an Elvehjem-Potter homogenizer, and used immediately.
Manometric experiments were carried out in the conventional Warburg respirometer at 33 C.
Purified plague toxin from Pasteurella pestis strain "Tjiwidej" (TJW) was prepared by the method of Ajl et al. (1955) . Toxicity was measured by the intraperitoneal or intravenous injection of 14 to 18 g albino Swiss mice with 0.5 ml amounts of two fold serial dilutions of the toxin preparation in physiological saline. Eight mice were used per dilution and were observed several times a day for 48 hr. The LD50 was calculated on the basis of deaths occurring during this period using the method of Reed and Muench (1938) .
Toxin preparations were routinely tested for the presence of contaminating material by the serological procedures described by Warren et al. (1955) . Only those preparations which were found to be free of the capsular antigen were employed in these experiments.
EXPERIMENTAL RESULTS
Initial experiments revealed that purified plague toxin inhibited the oxidation of pyruvic and a-ketoglutaric acids by cell-free extracts of E. coli. Results of a typical experiment are shown in table 1. It is to be noted that whereas with 500 ,ug of toxin, the oxidation of a-ketoglutarate and pyruvate is inhibited 92 and 81 per cent, respectively, the oxidation of the two non-keto acids that were employed was not affected significantly. Similar results were obtained with mouse liver homogenates ( Total volume of reactants, 2.8 ml. Each flask contained 25 jAmoles of substrate, 0.5 ml of 0.2 M phosphate buffer, pH 7.1, 1 ml of Escherichia coli extract, 0.3 ml of NaOH in center well, and 500 pg of purified toxin (lot no. 8) in respective vessels; time of incubation, 2.5 hr; temperature, 33 C. Andogenous 02-uptake without toxin was 175,uL, with toxin 121 ,L. These were subtracted from the values given above. Total volume of reactants, 2.6 ml. Each vessel contained 1 ml of Escherichia coli extract, 30 ,Amoles of substrate, 0.1 ml of 0.1 M phosphate buffer, pH 7.8, 0.3 ml NaOH in center well and distilled water to volume. Where indicated 2 mg of toxin (lot no. JK) and 5 mg of DPN were added. The P. vulgaris system consisted of 1 ml of alumina ground extract, 100 j,moles of pyruvate, 100 ,moles of phosphate buiffer, pH 7.0, 100,ug of cocarboxylase, 0.3 ml of NaOH in center well and 2 mg of toxin where indicated. Total volume, 323 ml; time of incubation, 90 min; temperature, 33 C. The E. coli system was similar to the above except that cocarboxylase was not added. * A subculture of this organism was obtained through the courtesy of Dr. O'Kane. drogenases in L. mesenteroides can function with either TPN or DPN.
There exist pyruvic acid oxidases which are non-DPN-dependent. An example is the pyruvate oxidase system in P. vulgaris strain X19 (Moyed and O'Kane, 1952) . When toxin is added to alumina extracts obtained from this bacterium in the presence of pyruvate as substrate, it exerts no significant inhibitory effect (table 6) .
The inhibition of keto acid oxidation is also apparent when heated, or formalin-treated toxin is added to actively respiring cell-free extracts of bacteria.
DISCUSSION
The question whether the phenomena described in this communication represent the in vitro counterpart of at least some of the typical symptoms that are elicited by plague murine toxin cannot yet be answered without recourse to speculation. Certainly, the finding that heated or formalin-treated toxin continues to inhibit the oxidation of both pyruvate and c-ketoglutarate by cell-free extracts of bacteria and mouse liver homogenates would seem, superficially at least, to favor the hypothesis that the toxin does not exert its effect in vivo by inhibiting keto acid oxidation. Current experiments (Packer, Rust, and Ajl, unpublished data) , however, show that the toxin inhibits several oxidations by partially purified -at heart mitochondria and that this in-hibition is exerted only by unaltered, toxic toxin. Thus, the latter findings would strongly favor the concept that the in vitro and in vivo findings can be correlated. The following hypothesis is offered as an explanation for the inconsistent behavior of inactivated toxin on crude cell extracts on the one hand and mitochondrial preparations on the other. One basic characteristic of plague toxin appears to be its ability to inhibit the oxidation of certain compounds. This characteristic remains with the molecule even when toxicity is lost. In the homogenate the measurement of inhibition of keto acid oxidation is a reflection of the chance interaction of the plague toxin or toxoid with randomly dispersed enzyme molecules. The active portion of the toxin molecule for this effect remains active after heating or treating the molecule with formalin. However, the mitochondrion retains a relatively high degree of organization. Effects in this case depend upon critical spatial relations and to exert its effect the toxin molecule must retain not only its portion that is reactive with the enzyme but in addition it must retain that portion that allows it to be effectively oriented within the structure of the mitochondrion. Subsequent publications on this subject will show that the toxin does indeed possess at least one other characteristic which is strongly associated with its toxicity. In summary, it is possible to conclude at this time that the inhibitory characteristics of toxin as far as bacterial extracts and mouse liver homogenates are concerned do not represent a too serious block for proceeding with the assumption that the in vitro and in vivo findings may in time be completely compatible.
Another point which will have to be settled before any definite statement can be made in regard to the mechanism of action of plague toxin deals with the relatively large quantities of material that are required to demonstrate keto acid inhibition in vitro in comparison with the lethal dose of the toxin. The answer to this problem must await the results of present studies which deal with the fate of the toxin molecule in the susceptible and nonsusceptible animal.
SUMMARY
The mechanism of action of plague toxin at an enzymatic level has been investigated. It has been found that the toxin inhibits the oxidation of several compounds where diphosphopyridine nucleotide (DPN) is an intermediate between substrate and oxygen. The inhibition is relieved on addition of an excess of DPN. A discrepancy exists between the in vivo toxicity of the molecule and its action in vitro. A plausible explanation for this discrepancy has been offered.
